a b s t r a c t
Radioactive 14 C is a significant contaminant associated with nuclear fuels and wastes that is potentially highly mobile in the environment as dissolved inorganic carbonate species. This study investigated the mechanisms by which dissolved inorganic 14 C is retained in surface and groundwater environments via precipitation and isotopic exchange reactions. Precipitation of calcite in the presence and absence of nucleation sites is considered along with isotopic exchange with both atmospheric CO 2 and solid carbonates. Precipitation occurs at calcite supersaturation values of SI CAL > 1.5 in the absence of nucleation sites and SI CAL > 0e0.5 in the presence of nucleation sites, suggesting that precipitation of 14 C-bearing carbonates is much more likely in subsurface environments where nucleation sites are abundant. The maximum 14 C removal in solid isotopic exchange experiments occurred after approximately 2 weeks equilibration. In these experiments the amount of 14 C removed from solution was proportional to the amount of calcite surface area present, and removal from solution was equivalent to rapid equalisation of the isotope ratio in an 8e10 Å active surface layer. Although the reactivity of natural carbonates may be lower than the calcite samples used in this study, these results suggest isotopic exchange with solids will be an important 14 C retardation mechanism in subsurface environments containing only modest TIC concentrations. These results suggest that if inorganic 14 C is released into sub-surface environments, both precipitation and solid phase isotopic exchange can result in non-conservative 14 C-DIC transport and 14 C contamination may persist in groundwater for decades following accidental releases. In contrast, in experiments open to atmosphere with pH values below 9.3, complete loss of dissolved inorganic 14 C was very rapid and occurred with timescales of 10's of hours.
14 C loss was due to a rapid exchange of dissolved 14 C species with 12 CO 2 (g) and the kinetics of 14 C removal increased as pH values were lowered (i.e.
atmospheric isotopic exchange was first order with respect to the concentration of carbonic acid present). Thus these results suggest that release of inorganic 14 C to surface waters with pH values <9.3
would result in rapid exchange with 12 CO 2 (g) and 14 C would not persist in the aqueous environment, whereas
Introduction
The carbon isotope, 14 C, is a widespread b-emitting radionuclide that is produced both naturally and anthropogenically. It is produced due to stratospheric irradiation of 14 N as well as at each stage of the nuclear fuel cycle from the parent isotopes 14 N,
17
O and 13 C (Eabry et al., 1995; Yim and Caron, 2006) . Natural and anthropogenic 14 C production are of similar magnitude, however natural production is globally dispersed while anthropogenic sources are highly localised within nuclear sites (Magnusson et al., 2004; Roussel-Debet et al., 2006) . At nuclear sites,
14
C is an important radioactive contaminant because of its long half-life (5730 ± 40a) (Godwin, 1962) and its ability to bioaccumulate in plants and animals (Begg et al., 1992; Cook et al., 1998; Yim and Caron, 2006) . Most 14 C formed in nuclear reactors is generated as inorganic species (e.g. carbide and 14 CO 2 ) during energy production leading to a large 14 C solid waste inventory for disposal (Yim and Caron, 2006; Boss and Allsop, 1995) . As 14 C is a potentially very mobile component of radioactive wastes, many studies have focussed on the expected 14 C behaviour after disposal in deep geological facilities (Yim and Caron, 2006; Bracke and Müller, 2008; Marshall et al., 2011; Baston et al., 2012; NDA, 2012; Doulgeris et al., 2015) . Due to the strongly reducing conditions anticipated in repositories, and because aqueous inorganic 14 C ( 14 C-DIC) tends to rapidly precipitate as solid carbonates within alkaline cementitious backfills, most studies have concentrated on the production and transport of radiolabelled methane ( 14 CH 4 ), (e.g. Jackson and Yates, 2011; Limer et al., 2011 Limer et al., , 2013 Marshall et al., 2011) . Less research has been undertaken on the environmental mobility of inorganic 14 C in shallow subsurface environments, despite the risk of its accidental release to such environments during waste reprocessing and storage. Due to its ubiquity in the nuclear power generation process 14 Ccontaining wastes are generated and released at every power station and reprocessing site worldwide, both as regulated discharges to air and water, as well as accidental releases at some sites (Yim and Caron, 2006 ). 14 C contamination was first identified due to discharge from the low level waste trenches storing 14 C inventory at Chalk River Site, Canada. Historical leaks from this storage area of the facility have led to 14 C plumes reaching the natural environment, particularly a nearby wetland. This has led to a series of studies into the behaviour of 14 C in natural environments Killey et al., 1998; Bird et al., 1999) . In the UK the most significant example of 14 C contamination is associated with the nuclear fuel reprocessing plant at Sellafield, Cumbria (Stamper et al., 2012; Marshall et al., 2015) with the major source being water leaks from the intermediate level waste storage facilities in the 1970's (Marshall et al., 2015) . Specifically 14 C-containing liquor was lost from silos holding corroded magnesium alloy (MAGNOX) fuel cladding. The liquor had a pH of 9e11 due to equilibration with the fuel cladding (Wallace et al., 2012; Parry et al., 2011 ) and 14 C is thought to have been present predominately as the inorganic species H 14 CO 3 À and 14 CO 3 2-. In soil, inorganic carbon can exist as gaseous carbon dioxide, aqueous species, sorbed species and solid carbonates. Transitions between these phases are controlled by pH, pCO 2 , the cations in solution, and the presence of interfaces (e.g. Langmuir, 1997; Inskeep and Bloom, 1985; van Geen et al., 1994; Hodkin et al., 2016) . In systems open to atmosphere aqueous CO 2 concentrations reach equilibrium with atmospheric pCO 2 (Atkins and De Paula, 2006) . Dissolved inorganic carbon (DIC) is distributed between CO 2 (aq), carbonic acid (H 2 CO 3 (aq)), the bicarbonate anion (HCO 3 À ) and carbonate anion (CO 3 2À ) depending on the solution pH (see equations 1e4 below) (Greenwood and Earnshaw, 1997; Langmuir, 1997) . Dissociation constants (pK a ) of carbonic acid e bicarbonate e carbonate are 3.6 and 10.3 respectively (at 25 C and zero ionic strength; Plummer and Busenberg, 1982) . In open systems at high pH, therefore, the continuing equilibrium between atmospheric and dissolved CO 2 (i.e. CO 2 in gassing) can result in very high DIC values (Stumm and Morgan, 1996) .
Carbonate species do not sorb to quartz sand or montmorillonite at circumneutral pH (Garnier, 1985; Sheppard et al., 1998) , suggesting that carbonate species interact poorly with both silica and the silicate layer of clays. However 14 C-DIC species can adsorb to soil minerals such as aluminium and iron oxides at circumneutral pH values (Su and Suarez, 1997) . For example HCO 3 À was found to adsorb to goethite surfaces at~pH7 as an inner-sphere carbonate surface complex by a ligand exchange reaction probably with singly coordinated Fe-OH and Al-OH surface groups (Wijnja and Schulthess, 2000; Su and Suarez, 1997) . However sediment composition is usually dominated by silicate minerals, so anion exchange is a less effective process than cation exchange (negatively charged surface sites are present at much high densities than positive surface sites; Gu and Schulz, 1991) . Therefore in many environments the aqueous transport of DIC is relatively unretarded (i.e. in the absence of precipitation reactions, it will move at approximately the same rate as groundwater flow).
In typical groundwater systems, precipitation of carbonate minerals is controlled by pH and the concentration of divalent cations. The relative propensity for carbonate to precipitate from solution is governed principally by the ratio of the ion activity products (IAP ¼ aMe 
where Me 2þ (aq) is a divalent metal ion, and a is the activity of the aqueous ion (when SI > 0 precipitation is thermodynamically favoured, and when SI < 0 dissolution is thermodynamically favoured).
In relatively oxic near surface groundwater environments calcium is usually the most abundant divalent cation. Magnesium can also be relatively abundant however, other divalent species (e.g. Sr   2þ ; Ba 2þ ; Fe 2þ etc.) are normally only present as trace components (Krauskopf and Bird, 1995 (Mucci and Morse, 1983; Bischoff et al., 1983) . In the absence of nucleation sites, calcite will precipitate homogeneously from a supersaturated calcium carbonate solution when the saturation index, SI >~1.5, and it will occur heterogeneously when SI >~0.3 where solid substrate provides nucleation sites (Ford and Williams, 2007) . In the subsurface environment heterogeneous precipitation is likely to be the important mechanism due to the availability of large numbers of potential nucleation sites. Due to the relatively low solubility of calcite (Log K sp ¼ À8.42 ± 0.07; Krauskopf and Bird, 1995) , the formation/ dissolution of 14 C radiolabelled calcite may potentially be an important control on the mobility of 14 C-DIC at nuclear sites. 
The rate of isotope exchange will depend on the extent of isotope disequilibrium between the solution and carbonate mineral phase, and the dissolution/precipitation kinetics (Sheppard et al., 1997) . Pre-existing carbonates will be equilibrated with natural 14 C-DIC concentrations, but where 14 C is present as a contaminant, 14 C-DIC will be present at concentrations far above natural abundance levels, potentially driving rapid exchange kinetics. Indeed, isotope exchange of H 14 CO 3 À with natural carbonate sand at circumneutral pH was reported to occur on a time scale of only a few days (Garnier, 1985) . Isotopic disequilibrium is also the main mechanism in aqueous-gaseous isotopic exchange where disequilibria created by the addition of aqueous 14 C species leads to exchange reactions occurring with atmospheric CO 2 to restore isotopic equilibrium among all species of carbonate across the aqueous-gaseous pools (Krauskopf and Bird, 1995; Gonfiantini and Zuppi, 2003; White, 2013) . This topic has received extensive academic interest related to the use of both 13 C and 14 C as tracers of carbon flow between environmental reservoirs, and for 14 C for dating carbon-containing material (e.g.; Zhang et al., 1995; Doctor et al., 2008) however, the effect of isotopic equilibrium reactions on 14 C behaviour as an environmental contaminant has received far less attention. The aim of this study was to investigate the factors controlling the mobility of inorganic 14 C in near-surface geo-environments. The specific objectives were; (1) to determine the conditions under which inorganic 14 C is removed from aqueous solution representative of groundwater by carbonate precipitation reactions; (2) to determine the contribution made by isotopic exchange with calcite in sediments to the loss of inorganic 14 C from groundwater; (3) to investigate the rate at which inorganic 14 C is lost from solution by isotope exchange with atmospheric CO 2 as a function of aqueous pH, and (4) assess the relative importance of these processes in determining the fate of inorganic 14 C in groundwater at the UK Sellafield nuclear site.
Materials and methods

Thermodynamic modelling
Equilibrium geochemical modelling was undertaken using the PHREEQC (version 3) geochemical speciation program (Parkhurst and Appelo, 2013) and the Hatches database (version 18) (Cross and Ewart, 1991) to establish the solution compositions needed to obtain the desired values of SI CAL in the precipitation experiments (see Supporting Information Table S1 for details). Geochemical modelling was also used to investigate the variation of SI CAL with calcium concentration, carbonate alkalinity and pH and to model potential leach scenarios relevant to the UK Sellafield site (section 5).
Precipitation experiments
A series of Na 2 CO 3 solutions were prepared aerobically and equilibrated with atmosphere for a minimum of 72 h by agitation in Erlenmeyer flasks on an orbital shaker (Stuart SSL1; 125 rpm; 16 mm orbit). A series of N 2 purged CaCl 2 solutions were also prepared. 10 mL of the required Na 2 CO 3 and CaCl 2 solutions were mixed in 50 mL Oak Ridge tubes under N 2 (g) to produce final solutions (20 mL ± 0.2 mL) at a range of saturation indices with respect to calcite (SI CAL ) from þ3 to À1 (see Table 1 for details).
20 mL of 14 C-labelled sodium carbonate (pH~12) was added to each tube producing a final activity of 100 Bq mL À1 (4.5 Â 10 À8 M 14 CO 3 2-).
The pH values of the mixtures were adjusted by addition of 5 mM NaOH to maintain the pH value of the Na 2 CO 3 solutions used (8.9 ± 0.1, see Table 1 ). The mixtures (20 mL ± 0.2 mL) were sealed in 50 mL Oak Ridge tubes with a N 2 (g) filled headspace, and continuously agitated on an end-over-end shaker (Stuart Rotator SB3, 40 rpm). Experiments were prepared in triplicate. After 168 h, 1.2 mL of sample was removed from each tube and centrifuged for 5 min at 14,000g in 1.5 mL centrifuge tubes. After centrifugation, 14 C removal was determined in the supernatant using liquid scintillation counting on a Packard Tri-Carb 2100TR (1 mL sample, 0.1 mL 2 M NaOH, 9 mL PerkinElmer Hionic-Fluor scintillation fluid; count time ¼ 10 min; energy window ¼ 4e156 keV; Caron et al., 2000) . Samples were stored for a 24 h period prior to counting. In all tests the percentage of 14 C remaining in solution was determined by:
where A i is the initial activity at time 0 (counts per minute, CPM), A t is the activity at a time point (CPM). Solution pH was determined at the beginning and end of experiments using a Thermo Scientific Orion benchtop multimeter, and electrodes calibrated daily at pH 4, 7 and 10.
Seeded precipitation experiments similar to the unseeded precipitation experiments described in Table 1 were conducted, where 25 g L À1 kaolinite was added to the empty tubes prior to addition of Na 2 CO 3 and CaCl 2 solutions (K-Ga 1b, Clay Mineral Society, Chantilly, USA). Prior to use in experiments, the kaolinite was acid washed (10% HCl) to remove any carbonate impurities, air-dried and de-aggregated by gentle use of a mortar and pestle. The mineralogical purity of kaolinite was confirmed using X-ray powder diffraction (Cu K-alpha radiation) on a Bruker D8 Advance XRD (see Supporting Information Fig. S1 ).
Isotopic exchange experiments
2.3.1. Solid phase isotopic exchange experiments Equal volumes of 2.5 mM Na 2 CO 3 and 0.05 mM CaCl 2 solutions were mixed to give a final solution with a pH of 8.87 ± 0.03 and a calculated SI CAL ¼ 0. In triplicate experiments, 50 ± 0.5 mL aliquots (0.2 mm filtered) of this solution were equilibrated with calcite
Reagent Plus) in 50 mL glass serum bottles (Wheaton Scientific Ltd, USA) with N 2 filled headspace, sealed with butyl rubber stoppers (Bellco Glass Inc., USA) and Al crimps. The experimental systems were left for one week to allow calcite dissolution/precipitation equilibration to be established prior to addition of 14 C. The bottles were then spiked with 50 mL 14 C-labelled sodium carbonate, giving a final activity of 100 Bq mL
À1
. Periodically 2 mL of solution was removed using sterile, N 2 (g) flushed syringes and analysed for 14 C activity and pH as described above. The mineralogical purity of the calcite powder was determined using X-ray powder diffraction (Cu K-alpha radiation) on a Bruker D8 Advance XRD (see Supporting Information Fig. S2 ). Specific surface area was measured by N 2 gas adsorption using the BET method with a Micrometrics Gemini V Surface Area Analyser (samples degassed with nitrogen gas for a minimum of 19 h, at 60 C, prior to analysis).
Atmospheric isotopic exchange experiments
Triplicate 100 ± 1 mL experiments were established in 500 mL Erlenmeyer flasks using 0.01 M NaCl as the background electrolyte. The pH was altered using a sodium bicarbonate-carbonatehydroxide buffer system to give range of experimental pH between pH 7.2 and 12.5 (Table 2) . Flasks were equilibrated with atmosphere (in the dark at 20 ± 1 C) for a minimum of 48 h by shaking at 125 rpm on an orbital shaker prior to 14 CO 3 2-addition.
100 mL of 14 C-labelled sodium carbonate was added to each flask, equivalent to 100 Bq mL
À1
. Periodically 1 mL of solution was removed for 14 C analysis, and pH was determined in the flasks.
Experiments were continued until either a pH variation of more than ± 0.2 was observed, or less than 5% of initial 14 C activity was measured in solution. Parallel triplicate control experiments were established in 30 ml glass serum bottles (sealed with butyl rubber stoppers and Al crimps) where contact with atmosphere was prevented.
Results
Homogeneous and heterogeneous precipitation
In the homogeneous precipitation experiments where the calculated SI CAL was initially between À1.0 and þ 1.0 there was no change in pH over 7 days (in all cases it remained within 0.1 pH units of the initial value 8.9 ± 0.1, see Fig. 1a ). In these tests the solutions remained visually clear. In the homogeneous precipitation experiments where SI CAL was initially þ1.5, þ2.0, þ2.5 and þ 3.0, the pH decreased to 8.4, 7.6, 7.2 and 7.6, respectively, over 7 days. A small amount of white precipitate formed in these solutions. 14 C tracer removal from these experiments followed a trend with pH change, with no removal observed over a period of 7 days when the initial SI CAL ¼ À1.0 to þ1.0 (Fig. 1b) , and progressively more 14 C removal with increasing SI CAL values from 1.5 to 3.0 (92e59% of the 14 C remained in solution after 7 days).
The heterogeneous precipitation experiments exhibited similar pH trends over time to the homogeneous precipitation experiments (data also shown in Fig. 1 ). The final pH of all experiments where the initial SI CAL was between À1.0 and þ 1.0 tests was within 0.1 pH units of the starting value, whereas the final pH of all the experiments where the initial SI CAL was þ1.5 to þ3.0 was pH 7.5 ± 0.2. However the heterogeneous reactions followed a different trend to the homogeneous reactions with respect to 14 C removal (Fig. 1b) . Only the SI CAL ¼ À1.0 experiment exhibited no 14 C removal after 7 days, the SI CAL ¼ 0 and 0.5 experiments exhibited a small amount of 14 C removal, with progressively more occurring as the initial SI CAL increased to 3.0 (~20e60% 14 C was removed from solution).
Solid phase isotopic exchange
When calcite was added to saturated calcium carbonate solutions at pH 9.0 the pH remained ±0.2 pH units for the duration of the experiments (1 month incubation). In the calcite-free (0 g) control experiments no 14 C removal occurred over the duration of the experiments (Fig. 2a) C addition (672 h). Overall there was a linear correlation between the total calcite surface area added to each experiment and the observed 14 C removal at the end of the experiment (Fig. 2b) .
Atmospheric isotopic exchange
In the closed controls for the experiments investigating 14 C exchange with atmosphere, the pH remained constant at the initial values (± 0.2 pH units) from 0 to 264 h (data for up to 100 h is shown in Fig. 3 ). The 14 C activity in these experiments decreased by a small amount over the first 24 h, but~95% (pH 11 system) or~93% (pH 9.5 and 7 systems) of the initial activity remained in solution from 24 h to the end of the experiment (264 h). The pH of the open experiments was slightly less stable than that of the closed systems, so these experiments were terminated when the pH change exceeded 0.2 units to ensure comparability of the systems. In the open experiments at pH 12.5,~100% of the original 14 C activity remained in solution at the end of the experiment (48 h). At pH 10.5, 97% of the initial activity remained in solution at the end of the experiment (96 h). At pH 9.3, 14 C activity decreased with time (53% remained in solution at 72 h) with only 5% remaining in solution at the end of the experiment (337 h). At pH 8.8, 47% of the initial activity remained in solution at 24 h and only 3% remained in solution at the end of the experiment (121 h). At pH 7.8, 47% of the initial activity remained in solution at 4 h and only 6% remained in solution at the end of the experiment (48 h). At pH 7.0, 48% of the initial activity remained in solution at 1 h and only 1% remained in solution at the end of the experiment (24 h).
Discussion
Effect of seed crystals (nucleation sites) on the precipitation of calcium carbonate
In the calcite precipitation experiments removal of the 14 C-DIC tracer indicates that carbonate precipitation occurred in homogeneous systems where the initial SI CAL ! 1.5, and in heterogeneous systems where initial SI CAL ! 0e0.5. These values closely match published SI CAL values for homogeneous and heterogeneous calcite precipitation of 1.5 and 0.3, respectively (White, 1997; Dreybrodt et al., 1992; Ford and Williams, 2007) . This close agreement suggests that 14 C removal in these experiments was principally controlled by calcite removal. Further it suggests that the solution must be significantly over-saturated with respect to calcite (SI CAL ! 1.5) for it to precipitate in the absence of suitable nucleation sites. The solution composition required for SI CAL ¼ 0 and 1.5 at pH values of 7, 9 and 11 has been modelled using PHREEQC (Fig. 4) . 10 mM NaCl, 1 mM NaHCO 3 8.8
10 mM NaCl, 10 mM NaHCO 3 9.3 10 mM NaCl, 10 mM Na 2 CO 3 10.5 10 mM NaCl, 100 mM Na 2 CO 3 , 10 mM NaOH 12.5 10 mM NaCl, 10 mM Na 2 CO 3 , 100 mM NaOH These results are sensitive to pH because of the variation in carbonate speciation (reactions 3 and 4), and thus higher concentrations of either Ca 2þ or carbonate alkalinity are needed to achieve the required (super)saturation indices at lower pH values. In this simulation only heterogeneous precipitation is predicted at circumneutral pH (and even then only at unrealistically high solution concentrations; see Fig. 4a ); but at high pH both homogeneous and heterogeneous precipitation reactions are predicted to occur at much lower DIC concentration ( Fig. 4b and c) as DIC is mostly speciated as CO 3 2À at high pH.
Contribution of solid phase isotopic exchange to 14 C retardation
The solid phase isotope exchange experiments demonstrated that when a solution containing inorganic 14 C comes into contact with non-radiolabelled calcite, 14 C is removed from solution ( Fig. 2 ) with at least 10% 14 C-DIC removal in experiments with ! 20 g L
À1
calcite added. The experimental results show that isotopic exchange reached a pseudo-equilibrium after 334 h (approximately two weeks), which was similar to that previously reported by Garnier (1985) , where isotopic exchange reached an equilibrium with calcareous soils after one week. In these experiments, it is available calcite surface area that exhibits a primary control on the observed extent of 14 C uptake (Fig. 2b) . The kinetics of 14 C uptake are governed by the rates of the forward and backward reactions during calcite dissolution/precipitation (see Equation (5)), which at equilibrium are equal leading to no overall change in calcite mass or DIC concentration. Surface mediated isotopic exchange reactions will therefore proceed rapidly until 14/12 C ratio is equilibrated in the active surface layers of the calcite crystals. It is possible to use the data from the 20 and 50 g L À1 experiments to estimate the depth of the active surface layer based on the number of moles of C that must be exchanged to result in an observed 10 and 30% 14 C removal (see Supporting Information Section S4 for details). In these calculations, the estimated active surface layer is only 8e10 Å; equating to~1e2 calcite unit cell thickness (Skinner et al., 1994) . This is similar to the theoretical short-term diffusion thickness calculated for 45 Ca 2þ uptake, and the measured thickness for 109 Cd uptake by low-energy electron diffraction (Stipp et al., 1992) . Stipp et al. (1992) also determined that slow solid state diffusion exchange can occur on much longer timescales (up to 2 years), effectively increasing the active surface layer to several hundred angstroms. Such diffusion driven 14 C exchange into carbonate grain interiors could therefore constitute significant additional sinks for 14 C-DIC over timescales not observed in these experiments.
Extrapolation of the 20 g L À1 calcite experimental conditions to a typical aquifer situation (where the solid solution ratio might be closer to 1:1 w/w) suggests that a 2% w/w calcite concentration in solids is sufficient to reduce the 14 C concentration in groundwater by~10% by rapid exchange with the 10 Å active surface layer, and perhaps more by interparticle diffusion of longer timescales. A 2% calcite concentration is equivalent to a relatively low TIC of 0.24% indicating that isotopic exchange will be an important retardation process in many near-surface environments with pH values > 6 (n.b. the range of natural soil TIC is 0e12%, although it is completely absent in soils below~pH 6; Walthert et al., 2010) . However, the extent of isotopic exchange will be very sensitive to changes in carbonate surface area, and if carbonates are only present in large detrital grains (with a very low specific surface area), much higher TIC values would be required to cause similar 14 C removal (n.b. the surface area of the calcite crystals used in these experiments was 0.29 m 2 g À1 , which is in the typical range 0.17e8.6 m 2 g À1 used in previous studies of calcite ; Nancollas and Reddy, 1971; Inskeep and Bloom, 1985; Huang et al., 1991; Dreybrodt et al., 1992 ; but that does not mean it is typical of that found in natural sediments). Also, if TIC is present as less soluble phases (e.g. dolomite; CaMg(CO 3 ) 2 ; Log Ksp z À18 ± 2; Sherman and Barak, 2000; Stumm and Morgan, 1996) , again much slower removal kinetics would be predicted. Therefore, it is very hard to generalise about the specific threshold TIC value where isotopic exchange will become important in the natural environment, and 0.24% w/w is therefore likely to represent a conservative screening threshold. In this context it is interesting to note that the natural aquifer sediments beneath the UK Sellafield where not shown, error bars are less than the size of the symbols used. (Dutton et al., 2009; Randall et al., 2004) and up to 4.8% in made ground (Randall et al., 2004) , and thus, 14 C solid isotopic exchange reactions are probably an important retardation mechanism expected to retard 14 C-DIC transport in groundwater at this site (especially for locations dominated by made ground).
Rate of atmospheric isotopic exchange as a function of solution pH
The atmospheric isotopic exchange experiments (Fig. 3) show that there was significant loss of 14 C from solutions with pH < 9.3
when there was contact with atmosphere. This loss did not occur in the closed bottle experiments (the 5e7% loss of 14 CO 3 2-activity from solution observed in the closed experiments was probably associated with CO 2 outgassing into the N 2 -filled headspaces). In all open experiments, pH was stable (± 0.2 units) and solutions were well equilibrated with atmospheric CO 2 prior to the introduction of 14 C
as Na 2 CO 3 (aq), therefore, there was minimal net outgassing of CO 2 .
It is reasonable to assume that 14 C loss is by exchange (at dynamic equilibrium). Equations 1e4 indicate the steps involved in the exchange of aqueous inorganic carbon species with atmospheric CO 2 . The equilibrium of these reactions will not have been significantly disturbed by the addition of a small spike of 14 CO 3 2-(aq), but isotopic exchange will have occurred between the inorganic carbon pools because equilibrium is a dynamic state (where the rates of the forward and reverse reaction are equal). If there is a difference in the isotope ratio in the carbon pools driving the forward and reverse reactions, there will be a net transfer of 14 C despite the overall reaction being in equilibrium. Protonation/deprotonation reactions such as equations 3 and 4 (acid dissociation constants K a1 and K a2 , respectively) tend to be rapid in aqueous solution (Greenwood and Earnshaw, 1997) , and therefore it will be assumed that there is rapid transfer of 14 C between the aqueous carbonate pools, and equilibration of their 14 C isotope ratios. If the proportion of an aqueous carbonate species, C sp that is 14 C sp is x (where x is a function of t) then the following equation can be written for each aqueous carbonate species;
At neutral and moderately alkaline pH the outgassing rate of aqueous CO 2 (aq) (the reverse reaction given by equation 1) is thought to be much faster than its hydration of dissolved CO 2 (the forward reaction given by equation 2: Greenwood and Earnshaw, 1997; Appelo and Postma, 2005) , so 14 C in the dissolved CO 2 pool will rapidly equilibrate with the far lower isotope ratio of atmospheric CO 2 . Thus 14 C that is transferred to the aqueous CO 2 pool is lost to atmosphere, and the overall rate of 14 C loss from the aqueous system is governed by the dehydration of carbonic acid (the reverse of reaction 2). If dehydration is an elementary reaction then the rate equation will have the form:
If minor differences in the dehydration rate of different carbon isotopes of carbonic acid are ignored, the overall rate of 14 C loss from the aqueous carbonate pools is given by:
where x decreases with time, but [H 2 CO 3(aq) ] is invariant in a system that is in overall equilibrium with atmospheric CO 2 . Now:
So at equilibrium:
The acid dissociation constants for equations 3 and 4 are defined as: Greenwood and Earnshaw, 1997) . This K a1 value is the true dissociation constant for carbonic acid, whereas many published sources combine reactions 2 and 3 and report the apparent dissociation constant. Equation (12) can be rewritten as:
Which can be substituted in the rate equation (10) 
The term k obs
is comparable with the experimental rate constant observed in the atmospheric isotope exchange experiments. Equation (14) can be integrated to yield a rate equation that can be fitted to the experimental data (see Fig. 5 
where [ 14 C (aq.carb) ] o is the initial concentration of 14 C in the aqueous carbonate pool. Equation (15) has been fitted to all the data from all the atmospheric isotope exchange data by assuming a single value for the dehydration rate for equation (2) C loss is greater than predicted by the model, whereas the final 14 C concentration are higher than predicted (the latter error is exaggerated on a log scale and not thought significant). The model explicitly assumes dynamic equilibrium between the DIC pools and atmospheric CO 2 . Addition of an alkaline 14 CO 3 2--spike to an equilibrated system will have resulted in a brief period of disequilibria, when the out-gassing rate exceeds in-gassing rate. During this period 14 C loss is faster than predicted by the model. This effect will have been negligible in higher pH systems due to higher initial CO 3 2-concentrations, but may explain the 14 C loss in systems with a pH < 8 is faster than predicted by the model. The linear relationship between the logarithm of 14 C concentration and time (Fig. 5b) demonstrates that the loss mechanism is pseudo-first order with respect to 14 C concentration. This strongly (Greenwood and Earnshaw, 1997; Appelo and Postma, 2005) . Conversely the overall reaction described in equations 1e4 would also exhibit pseudo-first order kinetics if equation 1 alone (outgassing of dissolved CO 2 ) was rate limiting (i.e. if reaction 2 was fast in comparison with reaction 1). However it is unlikely that the reaction conditions reported here were so different from other studies that the dehydration step has no influence on the rate, and so the observed pseudo first order kinetics support the assumption that dehydration is rate limiting. Nonetheless the key finding of this study is that any 14 C-containing water with a pH < 9.3 that is in contact with atmosphere will rapidly lose 14 CO 2 from solution (timescale of 10's of hours) by isotopic exchange with atmospheric CO 2 . , but often at a lower concentration in comparison to groundwater, thus except in the rare circumstance where very high calcite supersaturation occurs at the point of discharge and mixing, this would facilitate the dilution and dispersal of 14 C-DIC in the environment. Precipitation may also be limited by the circumneutral pH of many surface water environments. Authorised discharges are limited to pH range of less than 9, typically falling between pH 5.5 and 9 (Mayes et al., 2009) . These conditions would favour atmospheric isotopic exchange which occurs rapidly at pH < 9.3 due to the lower pH of the surface water and discharges. Under these conditions long range transport of 14 C-DIC in surface waters is not expected. Indeed, after mixing with surface waters in the Irish Sea, the 14 C enriched signal is lost from DIC over a very short spatial zone (Ahad et al., 2006) .
Implications
Implication for subsurface release of 14 C-containing water
The fate of 14 C-DIC released to groundwater will depend on the SI CAL for the combined leak and groundwater. If the mixture remains undersaturated with respect to calcite precipitation, aqueous transport of 14 C is very likely to occur, retarded only by isotope exchange with TIC, if present. However, two factors favour the precipitation of calcite in the subsurface. Groundwater often contains Ca 2þ and Mg 2þ (and they are important exchangeable cations in most soils), and while the typical pH range of groundwater is similar to that of surface waters, heterogeneous precipitation is favoured by the presence of mineral surfaces. Also, aqueous releases to the subsurface environment are invariably accidental, and therefore the pH value is controlled by the source. If the 14 C-DIC source has a high pH value, precipitation is likely to occur over a large range of Ca 2þ and CO 3 2-concentrations (Fig. 4) . However, once aqueous release to the subsurface ceases (i.e. the leak is repaired), any precipitate that has formed is likely to dissolve slowly overtime if the local groundwater is undersaturated with respect to calcite (i.e. the neo-formed calcite will become a secondary source term for 14 C-DIC).
In organic rich near surface soils, oxidation of organic matter can result in pore air with a partial pressure of CO 2 (g) up to 100 times higher than that of atmosphere (Deutsch and Siegel, 1997) . The elevated pCO 2 value (with respect to atmosphere) indicates that there is poor diffusive CO 2 mass transfer in the vadose zone, possibly because the air and water phases are discontinuous in the vadose zone and the CO 2 must cross numerous phase boundaries. The potential to lose 14 C DIC through isotope exchange through the vadose zone, and thence to atmosphere is probably very low (in many situations this isotope exchange must occur against a net TIC flux downwards from the organic rich surface soil). Thus fate of 14 C-DIC released to the subsurface is ultimately to be transported by groundwater flow, but this transport may be significantly more retarded than predicted by simple sorption kinetics if the leak source is alkaline or the soil contains significant TIC.
5.3. Historical release of 14 C to the subsurface at the UK sellafield site At the Sellafield reprocessing plant in the UK, there was an accidental discharge of inorganic-14 C-containing leachate from the silos containing corroded MAGNOX fuel cladding into the shallow groundwater approximately 40 years ago (Wallace et al., 2012) . The corroded magnesium alloy fuel cladding is dominated by brucite with small amounts of hydrous magnesium carbonates and is stored under water (Parry et al., 2011) . Ground conditions at the Sellafield site are 1e5 m of made ground above up to 50 m of unconsolidated fluvio-glacio till (Stamper et al., 2012; Cruickshank, 2012) . The local water table is~10 m below ground level, therefore, groundwater flow (~200 m a
À1
) is predominately within the till and follows the regional hydraulic gradient from east to west across the site (i.e. from the Cumbrian Mountains towards the Irish Sea; Stamper et al., 2012) . Groundwater composition varies with location but generally the pH lies between 6 and 8. In the vicinity of the leak the groundwater composition is dominated by Ca-Na-Cl, and the pH is approximately 6.5 (see supporting information S3). Currently the 14 C-containing groundwater plume that is associated with the historical leak event is still within the site boundaries and therefore is moving far more slowly than the groundwater. Two scenarios have been modelled using PHREEQC in order to investigate the potential in situ geochemical conditions during the initial silo leak event. These assume the mixing of either surface or bottom water from within the silos with varying volumes of groundwater. The assumed composition of the water from the surface of the silo is based on site measurements, which showed that it is Na-K-NO 3 -CO 3 dominated with a pH~9 (Sellafield Ltd, 2009) . The silo waters are in contact with atmosphere, so it is assumed for the purposes of modelling the system that this solution was fully equilibrated with atmospheric CO 2 (a pH value of 8.8 was used). The silos contain a significant volume of fine material from the corrosion of magnesium alloy fuel cladding, and therefore the aqueous phase at bottom of the silos may differ significantly from the surface liquor, however, no solution measurements exist for this liquor as it is inaccessible. Therefore this solution has been modelled by assuming it has equilibrated with MgCO 3 (s) as the most stable magnesium carbonate phase (the final corrosion product of magnesium alloy in an aqueous solution in contact with atmosphere) at a pH of 8.9 (pH at equilibrium with MgCO 3 , the full solution compositions used in this modelling are given in Supporting Information S3). Modelling with MgCO 3 (s) gives the most conservative DIC for potential mixture of the deep tank liquor with groundwater. Other hydrous magnesium phases (hydromagnesite; artinite; nesquehonite; and hydrotalcite) have all been predicted/ measured within these silo environments (Parry et al., 2011; Gregson et al., 2011) , and due to their higher solubility with respect to magnesite, would lead to a higher DIC content in deep tank liquor leading to increased SI CAL over the mixing range.
The PHREEQC modelling indicates that mixing of silo liquor of either composition with the circumneutral groundwater would allow heterogeneous calcite precipitation at almost all mixing ratios (see Fig. 6 ). Thus it is likely that inorganic 14 C in the leak water would be precipitated as calcite. Such calcite precipitation provides a mechanism for retardation of 14 C on this site which can explain the long term retention of 14 C in the vicinity of the leak sites. At
Sellafield the local groundwater has SI CAL < 0 so dissolution of any precipitated calcite and release of 14 C to solution is expected over time. The aquifer materials generally contain quite low TIC values of 0e0.6% w/w (except for locations containing made ground) providing limited potential for further additional 14 C-DIC retardation by solid isotopic exchange reactions (depending on local ground TIC values close to the silo leaks). As contact with the atmosphere is also limited there is expected to be little loss via atmosphere exchange (although some boreholes may act as conduits facilitating atmospheric isotopic exchange and therefore increase losses of 14 C on a local scale). Therefore, over the long-term, 14 C stored initially in calcite precipitates is expected to be slowly remobilised and dispersed into groundwater, which ultimately discharges into surface waters (i.e. the Rivers Calder and Ehen or Irish Sea) where it will be rapidly depleted via dilution and exchange with atmospheric 12 CO 2 . behaviour as a surface and near surface contaminant. Many surface waters have a circum-neutral pH and are undersaturated with respect to calcium carbonate. In such environments transfer to atmosphere by isotopic exchange with 12 CO 2 (g) will be rapid, therefore, if 14 C-DIC is discharged into surface water, it is unlikely to be transported very far with the aqueous flow before being lost to atmosphere. In contrast in subsurface conditions, isolation from the atmosphere will prevent loss by exchange with CO 2 (g) . Any 14 C-DIC release to this environment can potentially be transported with groundwater flow, but carbonate precipitation reactions are likely to be more favoured (by higher pH and Ca 2þ concentration) and 14 C-DIC may be removed from solution and stored within solid carbonate over long timescales. In moderately calcareous environments (with TIC >~0.24% w/w) isotopic exchange of the 14 C-DIC with 12 C-containing carbonates is also expected to retain 14 C in the solid fraction. Thus, retarded 14 C-DIC transport can be expected in the near field environment at many nuclear sites and 14 C contamination may persist in sub-surface environments for decades following any accidental releases to ground.
Conclusion
